A surface plasma wave ͑SPW͒ propagating on a metal surface, covered with thin layer of metallic nanoparticles, excites resonant plasma oscillations in the particles. The particles absorb energy from the wave via electrons, incurring attenuation of the surface plasma wave. For spherical metallic particles with plasma frequency Pe , the resonant plasma oscillations occur at = Pe / ͱ 3, where is the frequency of the SPW. In the vicinity of this frequency, a sharp increase in the absorption of surface plasma wave by the metallic particles, depending upon its size, occurs. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2800305͔
The absorption of electromagnetic radiation at material surfaces is a key issue in plasma heating, material ablation, 1,2 and other applications. The absorption is very poor for smooth metal surfaces because the high free electron density of metal surface reradiates light energy in the surrounding medium. However, for the metallic particles, absorption of the electromagnetic waves could be significantly high when the wave frequency is close to the natural frequency of oscillations of the electron cloud. In fact, for metal surface having metallic particles over it, strong absorption and large enhancement in ablation yield have been reported. 3 Surface enhanced Raman scattering of light is also the consequence of this effect. [4] [5] [6] [7] For spherical metallic nanoparticles, local field enhancement factor of up to 15 has been observed. 8, 9 The localized field results in strong collisional dissipation of light energy. The total absorption of electromagnetic wave can be achieved through the excitation of surface plasma waves. [10] [11] [12] [13] They may be excited over the metal surface either by the modification of metal surface in which periodic grating is formed over the metal surface 11 or the transformation of incident wave into evanescent wave. 12, 14 Bliokh et al. 15 have studied total absorption of microwaves by overdence plasma due to the excitation of the surface plasma wave ͑SPW͒. They placed diffraction grating in front of plasma in order to excite SPWs. Vorobyev and Guo 16 have also experimentally observed total absorption of femtosecond laser due to surface modifications. They reported that, with higher number of laser pulses ͑Ͼ10 000͒, the surface microscale structure formation results in nearly 40% absorption of laser energy via the generation of surface electromagnetic waves.
In this paper, we study the anomalous absorption of surface plasma waves over a metal surface having metallic nanoparticles placed on it. The SPW induces a huge localized electric field inside the particles when the frequency of the incident laser is close to the frequency of space charge oscillations of the electron cloud. These electrons dissipate their energy via collisions in the particles. We have discussed the propagation of surface plasma waves and, subsequently, the absorption of these waves by metallic particles over the metal surface. The mathematical formalism is similar to the problem of laser absorption under similar configuration by Ahmad and Tripathi; 3 however, the nature of laser and SPW are totally different.
Consider a metal free-space interface ͑x =0͒ with metal occupying half space ͑x Ͻ 0͒ and free space is x Ͼ 0 ͑see Fig.  1͒ . The metal has spherical particles of size r c and areal density N per unit surface area placed over it. The effective relative permittivity of the metal is given as
where is the incident laser frequency, L is the lattice permittivity, P is the plasma frequency, and is the electron phonon collision frequency in the metal film. Suppose a surface plasma wave propagates through the configuration with t, z variation as exp͓−i͑t − k z z͔͒. The field variation of surface plasma wave in free space and metal region is given by
where
. Using boundary condition of continuity of ЈE x at x = 0, the dispersion relation of the surface plasma wave is As the SPW propagates along the metal surface, it decays with the distance. The distance for which the surface plasma wave lasts is called propagation length. The propagation length is obtained by the inverse of imaginary part of propagation constant of the SPW. This is given by
When the incident laser of frequency = 2.3094 ϫ 10 15 rad/ s is used to excite the SPW, then we obtain L = 0.0297 cm for the parameters P =4ϫ 10 15 rad/ s, v =7 ϫ 10 12 s −1 , and = −4 of the meal film. For the significant absorption of the surface plasma wave, the particles should be placed over the metal surface within this propagation length.
Consider spherical metal particles of radius r c are placed over the metal surface ͑see Fig. 1͒ . When the surface plasma wave field given by Eq. ͑2͒ in the free space region interacts with the metal particle having internal electron density n e , then the response is governed by equation of motion,
where v is the velocity of the electron, m and −e are the mass and electronic charge, respectively, Pe 2 is the plasma frequency of the metal particle which is the same as P when the metal particle and metal film are of same material, and s is the displacement of the particle from its original shape. Taking x component of Eq. ͑5͒, the velocity of electrons in x direction is given by
Similarly, taking z component is
Under the influence of the SPW field in the free space region, the energy absorbed by 1 electron/ s is given by
where E S is the electric field and * denoted the complex conjugate. Using Eqs. ͑2͒, ͑6͒, and ͑7͒ in Eq. ͑8͒, we obtain
If n 0 is the electron density in the metal particles, then power absorbed per second by n 0 electrons of the particles is
When N is the number of particles per unit area on the metal surface with interparticle sepration
Then, energy absorbed by n p particles in distance dz is dP = − abs Ј n p dz,
The propagation of surface plasma wave over the metal surface is given by the Poynting theorem,
where E S and H S are the electric field and magnetic field intensity of the surface plasma wave in the free space region. Using Maxwell's third equation, we have H S = ͑c / iٌ͒͑ ϫ E S ͒. Substituting E S and H S , we get
From Eqs. ͑11͒ and ͑13͒, we obtain
Solving, we get P = P 0 e −k ip z , where P 0 is the power at z =0, while P is the power of SPW after the absorption length z. The absorption constant k ip is given as
One may note that a resonant enhancement in k ip occurs at = Pe / ͱ 3, corresponding to strong absorption of the wave.
The resonant absorption depends on the number density and the size of the particle. In order to have numerical appreciation, we have plotted normalized absorption constant k ip ver- = 6.5 nm and r c = 19 nm, respectively, which are close to 0.05 and 0.28 results of our analysis for the same size particles. In order to obtain the specific range of the resonant incidence frequency for which absorption is significant, we calculate the full width at half maximum frequency. It turns out to be 0.001 75, independent of the change in the size of particle.
In conclusion, the anomalous absorption of surface plasma waves by metallic nanoparticles adsorbed over the metal surface is facilitated by resonant plasmon oscillations inside the particles. The surface plasma wave propagates over the metal surface and can be excited using an attenuated total reflection configuration when the wave number of the incident laser along the interface becomes equal to the SPW. The resonant plasmon oscillations occur for a specific frequency of the incident wave for which plasma frequency of the particle becomes ͱ 3 times the incident laser frequency in case of spherical particle. At resonant frequency, the absorption constant rises sharply which corresponds to the strong dissipation of the surface wave energy via collisions of the free electrons of the particle. The resonant absorption of the surface plasma wave is influenced by the size of the metallic particles. With the decrease in the size of particle, absorption constant decreases very rapidly.
The present treatment is limited to nanoparticles of radius r c Ӷ c / and to low areal density of nanoparticles so that the SPW field structure is not drastically modified by the particles.
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